Introduction
Mast cells are of hematopoietic origin, derived from CD34 ϩ progenitor cells in the bone marrow. 1 In general, 2 distinct mast-cell populations with different phenotypical and functional characteristics are recognized. Human mast cells are classified into mast cells containing tryptase (MC T ) and mast cells containing both tryptase and chymase (MC TC ), 2 whereas rodent mast cells are divided into connective tissue mast cells (CTMCs) and mucosal mast cells (MMCs), based on their staining properties and tissue distribution. 3 Mast cells play a versatile and important role in immunity against certain infections, allergy, and inflammation. [4] [5] [6] Their differentiation, proliferation, and survival are highly regulated by stem cell factor (SCF) and various other cytokines. 7, 8 Mast cells generally have a long lifespan in vivo and can survive for several months situated in the tissue. 9, 10 Mucosal mast-cell numbers are kept relatively constant under normal conditions but increase remarkably during inflammation, due to the action of T-cell-derived cytokines. [11] [12] [13] In contrast, connective tissue mast cells appear not to depend on T-cell-derived cytokines but primarily require SCF for their persistence. 14, 15 It is known for many hematopoietic cell types that cytokines promote their survival through regulation of members of the Bcl-2 family of proteins. 16 The Bcl-2 protein family contains members that promote apoptosis, as well as proteins that safeguard cell survival. The Bcl-2 family members are characterized by Bcl-2 homology (BH) domains. The antiapoptotic members (Bcl-2, Bcl-xL, Bcl-w, A1, and Mcl-1) contain up to 4 BH domains. The proapoptotic members can be subdivided into 2 groups: BH3 domain-only proteins (BH3-only), which share with each other only the BH3 region and Bax/Bak-like proteins, which contain BH1, BH2, and BH3 regions. 17, 18 In response to developmental signals or experimentally applied stress stimuli, BH3-only proteins are activated and trigger apoptosis by binding, in a selective fashion, to prosurvival Bcl-2 family proteins, which then leads to the activation of Bax and Bak, causing mitochondrial release of apoptogenic factors (eg, cytochrome c), activation of the caspase cascade and, ultimately, cell destruction. It has been demonstrated that individual BH3-only proteins differ in their ability to bind to the antiapoptotic Bcl-2 family members and that this specificity governs the function of these molecules. 19, 20 Given that proapoptotic and antiapoptotic Bcl-2 family proteins can bind to each other suggests that the relative concentrations of these proteins determine cell fate.
Bcl-2 interacting mediator of cell death (Bim, also called Bod) has a prominent role among the BH3-only proteins since it binds with high affinity to all antiapoptotic Bcl-2 family proteins, 19 including A1, which appears to have an important function in mastcell survival. 21 Studies with gene-targeted mice have shown that Bim is essential for developmentally programmed death and stress-induced apoptosis in numerous cell types, including lymphocytes, myeloid cells, and neurons. [22] [23] [24] [25] We have previously shown that SCF regulates mast cell survival (at least in part) through inactivation of the Forkhead transcription factor FOXO3a and down-regulation and phosphorylation of its target Bim, subsequently leading to the ubiquitination and proteasomal degradation of Bim. 26 Moreover, Bim-deficient mast cells are partially resistant to cytokine deprivation-induced apoptosis in culture. 27 Since overexpression of Bcl-2 protected mast cells more potently than loss of Bim, 27 it appears that other proapoptotic BH3-only proteins, besides Bim, also might be involved in this process.
p53 up-regulated modulator of apoptosis (Puma, also called Bbc3) was first identified as a BH3-only protein that is transcriptionally up-regulated by p53 and activated upon p53-dependent apoptotic stimuli, such as treatment with DNA-damaging drugs. 28, 29 However, it has been shown that Puma is also up-regulated in response to certain p53-independent apoptotic stimuli, such as growth factor deprivation or treatment with glucocorticoids or phorbol ester. 30 Experiments with gene-targeted mice have shown that Puma is required for apoptosis of lymphoid cells and fibroblasts in response to p53-dependent stimuli (eg, ␥-radiation, etoposide) and also certain p53-independent ones, such as cytokine deprivation, treatment with glucocorticoids, or phorbol ester. 31, 32 It was demonstrated recently that the transcription factor FOXO3a increases Puma expression in response to growth factor deprivation in lymphoid cells and mouse embryonic fibroblasts, suggesting that Puma together with Bim may have overlapping functions as FOXO3a downstream targets following removal of survival factors. 33 To examine the importance of BH3-only proteins in the regulation of mast-cell apoptosis, we compared the survival of in vitro-differentiated bone marrow-derived mucosal-like mast cells (MLMCs) and connective tissue-like mast cells (CTLMCs) from Bad Ϫ/Ϫ , Bid Ϫ/Ϫ , Bmf Ϫ/Ϫ , Noxa Ϫ/Ϫ , Puma Ϫ/Ϫ , or wild-type (wt) mice following cytokine deprivation or treatment with the topoisomerase inhibitor etoposide. The BH3-only protein Puma was of particular interest, since it has been demonstrated that Puma plays a critical role in cytokine deprivation-induced apoptosis of thymocytes and myeloid progenitors. 31, 34 In this study we demonstrate for the first time that Puma is involved in the induction of mast-cell death following cytokine deprivation. In addition, we found that phosphorylation-deficient FOXO3a induces both Bim and Puma expression and that FOXO3a deficiency protects mast cells from cytokine deprivation-induced apoptosis. This indicates a FOXO3a-dependent regulation of cytokine deprivation-induced apoptosis in mast cells. Our results also show that mast cells are sensitive to etoposide and that mast cells lacking Puma or p53 as well as those overexpressing Bcl-2 are abnormally resistant to this apoptotic stimulus.
Materials and methods

Mice
The mice bearing gene deletions for FOXO3a, Bid, Bad, Bim, Puma, Noxa, or those expressing the vav-Bcl-2 Ϫ transgene and the generation of Bim Ϫ/Ϫ /Puma Ϫ/Ϫ double-deficient mice have been published previously. 22, 31, [35] [36] [37] [38] [39] Bmf-deficient mice (A.V. and A.S., manuscript in preparation) have been generated by conventional gene-targeting methods. p53 Ϫ/Ϫ mice were a kind gift from Dr Monica Nistér (Karolinska Institutet, Department of Oncology-Pathology). All experiments with animals were performed according to the guidelines of the Royal Melbourne Hospital Research Foundation Animal Ethics Committee or the Animal Ethics Committee in Stockholm.
Cell culture
Bone marrow cells were differentiated into either a connective tissue-like phenotype (CTLMCs) or a mucosal-like phenotype (MLMCs) as described. 40 The viability, maturity, and purity of the cells were examined by counting cells using staining with trypan blue or toluidine blue as well as by flow cytometric analysis for expression of Kit and Fc⑀RI, using fluorescein isothiocyanate (FITC)-conjugated antimouse CD117 (Kit) monoclonal antibody 2B8 or FITC-conjugated rat IgG 2b isotype control antibody (both from PharMingen, San Diego, CA), FITC-conjugated antimouse Fc⑀RI-␣ monoclonal antibody MAR-1, or FITC-conjugated Armenian Hamster IgG isotype control (both from eBioscience, San Diego, CA).
Analysis of apoptosis
To monitor apoptosis, cells were stained with propidium iodide (PI, 2 g/mL) plus FITC-conjugated annexin V (0.3 g/mL) and analyzed in a FACScan (Becton Dickinson, San Jose, CA). The total number of viable cells after re-adding cytokines after 96 hours of deprivation was counted by adding, in addition to PI and annexin V, a known number of beads (Flow Cytometry Reference Beads, Molecular Probes, Eugene, OR), followed by FACS analysis and calculation of viable mast cell number from the ratio of beads to viable cells (PI Ϫ and annexin V Ϫ ).
Mast cells were deprived of cytokines but otherwise kept in medium supplemented with 10% fetal bovine serum (FBS) as previously described for cell cultures. One g/mL of etoposide (Sigma Chemicals, St Louis, MO) was added to mast cells kept in fully supplemented medium. Mast cells kept in fully supplemented medium were exposed to 30 Gy ␥-radiation. All cells were kept at a concentration of 1 ϫ 10 6 cells/mL.
Mast-cell activation
In experiments where activation-induced survival after Fc⑀RI crosslinking was measured, cells were deprived of cytokines and kept in medium supplemented with 10% FBS during sensitization and activation. 21 Cells were sensitized with a monoclonal mouse antitrinitrophenyl (TNP) IgEantibody (IgEl-b4, American Type Culture Collection, Rockville, MD), used as a 15% hybridoma supernatant before activated by 100 ng/mL TNP-BSA (Biosearch Technologies, San Francisco, CA) with a coupling ratio of 9:1.
Western blot analysis
Cells were lysed in sodium dodecyl sulfate (SDS) sample buffer (125 mM Tris-HCl (pH 6.8), 4% w/v SDS, 20% glycerol, 0.02% w/v bromphenol blue, and 50 mM dithiothreitol, added just before use) before sonicated on ice. Western blotting was performed by using NuPAGE Bis-Tris Western gels (Invitrogen, Carlsbad, CA). After electrophoresis, proteins were electro-blotted onto nitro-cellulose membranes (Hybond ECL, Amersham Biosciences, Uppsala, Sweden). After transfer, membranes were blocked before incubated overnight at 4°C with the primary antibody, either anti-Puma (NT) antibody (ProSci, Poway, CA), anti-Bim antibody (Assay Designs, Ann Arbor, MI, or Affinity BioReagents, Golden, CO), anti-Erk antibody (Santa Cruz Biotechnology, Santa Cruz, CA), anti-b-actin antibody (Sigma), or anti-Hsp70 antibody (gift from Dr R. Anderson, Peter MacCallum Cancer Research Center, Melbourne, Australia), washed, and subsequently incubated with horseradish peroxidase-conjugated secondary antibody. The proteins were visualized using enhanced chemiluminescence (ECL) system LumiGLO and exposure to a Hybond ECL film (Amersham Biosciences).
Retroviral vectors and infections
The retroviral infection of BMMCs (15% WEHI-3-enriched RPMI 1640 medium) was performed as previously described. 41 Phoenix-Eco cells were transfected with either pBabe-puro containing 4-hydroxy tamoxifen (4-OHT)-inducible mutated human FOXO3(A3) (pBabe-Puro/FOXO3(A3): ER) (kindly provided by Dr P. Coffer, Utrecht, The Netherlands) 42 or pBabe-puro only. The supernatants were harvested, filtered, and supplemented with protamine sulfate at 4 g/mL and used for transduction of GP ϩ E86 cells to establish a polyclonal producer cell line. BMMCs were then cultured with filtered supernatant from the producer cell line in the presence of 4 g/mL protamine sulfate followed by selection in puromycin, at 2 g/mL for 3 days and at 1 g/mL for 5 days.
Statistical analysis
Statistical analysis was performed using the Student t test. P values of less than .05 were considered to indicate statistically significant differences.
Results
The BH3-only proteins Noxa, Bad, Bid, Bmf, and Puma all have been previously implicated in growth factor withdrawal-induced apoptosis. 18 To study their involvement in cytokine deprivationinduced apoptosis in MLMCs and CTLMCs, mast cells were cultured from mice lacking these BH3-only proteins or, as controls, from wt mice or mice expressing a Bcl-2 transgene in all hemopoietic cells. 36 We also generated MLMCs and CTLMCs from p53-and FOXO3a-deficient mice to establish the influence these transcription factors have on cytokine deprivation-induced apoptosis. The cultured cells resembled primary mast cells, as confirmed by toluidine blue staining of cytoplasmic granules, expression of the high-affinity IgE receptor (Fc⑀RI), and the receptor for SCF, c-Kit (data not shown). In these respects, wt mast cells and mast cells lacking any of the aforementioned BH3-only proteins, p53, FOXO3a, or those overexpressing Bcl-2, were indistinguishable.
Loss of Puma protects mast cells from apoptosis induced by cytokine deprivation
The cytokine deprivation-induced apoptosis of mast cells was first assessed in short-term survival assays by binding of annexin V and PI exclusion. Wt MLMCs deprived of cytokines died rapidly and at a similar rate as wt CTLMCs. Interestingly, MLMCs lacking Noxa or Bid were not protected from cytokine deprivation-induced apoptosis, whereas the absence of Bad offered a small but statistically significant protection (P Ͻ .004, Figure 1A ). In the case of CTLMCs, loss of Noxa, Bad, Bid, or Bmf offered no protection against cytokine deprivation-induced apoptosis ( Figure 1B ) but, as previously shown, 27 expression of the Bcl-2 transgene potently inhibited this death ( Figure 1C,D) . Remarkably, loss of Puma conferred substantial protection from apoptosis induced by cytokine deprivation, in fact nearly as potent as did Bcl-2 overexpression. After 36 hours approximately 30% of the wt mast cells remained viable (PI-and annexin V-negative), while approximately 80% of the mast cells lacking Puma and approximately 90% of those overexpressing Bcl-2 remained viable. In addition, using mast cells derived from mice lacking only one allele of Puma, we could see a clear gene dosage effect, since Puma ϩ/Ϫ mast cells showed approximately 45% to 50% viability after 36 hours of cytokine deprivation ( Figure 1C,D ). These results demonstrate that the BH3-only protein Puma plays an essential role in cytokine deprivation-induced apoptosis in mast cells.
Mast cells up-regulate Puma in response to cytokine deprivation
To determine whether wt mast cells increased the expression of Puma in response to cytokine deprivation, we probed Western blots of protein lysates derived from MLMCs and CTLMCs deprived of cytokines for 10 hours with an antibody against Puma. We observed an up-regulation of Puma in both MLMCs and CTLMCs in response to cytokine deprivation ( Figure 1E ).
Loss of Puma promotes clonogenic survival of cytokine-deprived mast cells
Next we investigated whether loss of Puma would allow mast cells to survive cytokine deprivation in the longer term and to remain functional. Puma Ϫ/Ϫ and wt mast cells were deprived of cytokines for 96 hours, and cytokines were then added back to these cultures. Under these conditions all wt mast cells were permeable to PI and bound annexin V, and no increase in the numbers of viable cells could be detected over 5 days. In contrast, upon re-addition of cytokines, mast cells lacking Puma resumed proliferation, and their numbers increased over time (Figure 2 ). These results show that loss of Puma promotes long-term, clonogenic survival of mast cells deprived of their requisite growth factors.
Loss of the BH3-only protein Puma protects mast cells from cytokine deprivation more potently than loss of Bim
Since we have previously shown that the BH3-only protein Bim also plays a role in cytokine deprivation-induced mast-cell apoptosis, 26, 27 we directly compared side-by-side the viability of mast cells lacking either Bim or Puma and also cells lacking For personal use only. on May 12, 2017 . by guest www.bloodjournal.org From both of these proteins after 24 hours of cytokine deprivation. The results demonstrate that both Bim and Puma play an important role in apoptosis induced by cytokine deprivation; however, the viability of MLMCs lacking Puma was significantly higher than that seen for cells lacking Bim (P Ͻ .008 for Puma Ϫ/Ϫ vs Bim Ϫ/Ϫ ), and the loss of both Bim and Puma further increased the viability compared with loss of either BH3-only protein alone (P Ͻ .001 for Puma Ϫ/Ϫ vs Bim Ϫ/Ϫ /Puma Ϫ/Ϫ and Bim Ϫ/Ϫ vs Bim Ϫ/Ϫ /Puma Ϫ/Ϫ ). Although CTLMCs lacking Puma also appeared to have an increased viability compared with cells lacking Bim, this difference was not statistically significant. The loss of both Bim and Puma increased the viability compared with loss of Bim (P Ͻ .004 for Bim Ϫ/Ϫ vs Bim Ϫ/Ϫ /Puma Ϫ/Ϫ ), whereas the viability seen for Puma Ϫ/Ϫ and Bim Ϫ/Ϫ /Puma Ϫ/Ϫ CTLMCs was comparable ( Figure 3 ).
Mast cells require Puma for etoposide-induced apoptosis
Since Puma has been shown to be essential for p53-mediated apoptosis in lymphocytes and fibroblasts, 31, 34 we examined its role in DNA damage-induced killing of mast cells. Upon treatment with the DNA-damaging chemotherapeutic agent etoposide, MLMCs were not protected by loss of Noxa, Bad, or Bid ( Figure 4A ), and CTLMCs lacking Noxa, Bid, or Bmf were as sensitive as wt cells. In contrast, the absence of Bad afforded CTMLCs with a small but significant protection (P Ͻ .045, Figure  4B ). Moreover, Puma deficiency, even loss of one allele of Puma, protected both MLMCs and CTLMCs profoundly against treatment with etoposide ( Figure 4C,D) .
To examine if all p53-mediated apoptosis or only a part of it can be accounted for by Puma we cultured wt and p53 Ϫ/Ϫ mast cells, treated them with etoposide, and measured their survival. Etoposide-treated MLMCs and CTLMCs lacking p53 exhibited increased viability compared with their corresponding wt cell populations, and this increased viability mimicked the protection conferred by loss of Puma. Furthermore, Puma protein levels were up-regulated in wt MLMCs and CTLMCs but not in MLMCs and CTLMCs lacking p53 in response to etoposide For personal use only. on May 12, 2017. by guest www.bloodjournal.org From treatment ( Figure 4E,F) . This demonstrates that most etoposidemediated apoptosis in CTLMCs and MLMCs is mediated through Puma.
Cytokine deprivation-induced apoptosis in mast cells mediated by the BH3-only protein Puma is p53-independent
Puma was first identified as a BH3-only protein transcriptionally regulated by p53 and was shown to be activated by p53-dependent stimuli. 28, 29 It has, however, also been shown that Puma is critical for apoptosis induced by a range of p53-independent stress stimuli, such as growth factor deprivation or treatment with glucocorticoids. 31 To examine whether cytokine deprivation triggers mastcell apoptosis by a p53-dependent or p53-independent mechanism, we cultured wt and p53 Ϫ/Ϫ mast cells in the presence or absence of cytokines and measured their survival. Both cytokine-deprived MLMCs and CTLMCs lacking p53 exhibited no increased viability compared with their corresponding wt cell populations, and in response to cytokine deprivation Puma protein levels were normally up-regulated in both MLMCs and CTLMCs lacking p53 ( Figure 5A,B) . As a comparison, we also exposed MLMCs and CTLMCs to 30 Gy ␥-radiation, which kills mast cells by a process known to be p53-dependent. 43 ␥-irradiated MLMCs and CTLMCs lacking p53 exhibited increased viability compared with their corresponding wt cell populations, and in response to ␥-radiation Puma protein levels were up-regulated in wt MLMCs and CTLMCs but not in MLMCs and CTLMCs lacking p53 ( Figure 5C,D) . These results demonstrate that cytokine deprivation kills mast cells by a Puma-dependent but p53-independent mechanism, whereas ␥-radiation kills mast cells by a process requiring p53-mediated induction of Puma.
FOXO3a-dependent regulation of cytokine deprivation-induced apoptosis in mast cells
The transcription factor FOXO3a has been shown to regulate the BH3-only protein Bim 44 and also was recently described to control Puma expression in response to growth factor deprivation in lymphoid cells and mouse embryonic fibroblasts. 33 We have previously shown that SCF prevents cytokine deprivation-induced mast-cell apoptosis by inhibiting Bim expression via inactivation/ phosphorylation of the Forkhead transcription factors FOXO1a and FOXO3a. 26 To investigate if FOXO3a regulates cytokine deprivationinduced apoptosis in mast cells, we cultured wt and FOXO3a Ϫ/Ϫ mast cells in the presence or absence of cytokines and measured their survival. Cytokine-deprived MLMCs and CTLMCs lacking FOXO3a exhibited increased viability compared with wt cells. This demonstrates that FOXO3a is critical for cytokine deprivation-induced apoptosis of mast cells (Figure 6A,B) . However, the increased viability conferred by the loss of FOXO3a was not comparable to the protection offered by loss of either Bim or Puma.
We next infected BMMCs with a retrovirus encoding an inducible human FOXO3a-estrogen receptor (ER) fusion protein, FOXO3(A3):ER. 42 Upon addition of 4-hydroxy tamoxifen (4-OHT), this protein is released from its chaperone, heat shock protein 90, and transported into the nucleus where it can induce transcription of target genes. We have previously demonstrated increased apoptosis in FOXO3(A3):ER-expressing mast cells upon 4-OHT treatment. 26 The treatment with 4-OHT induced expression of Bim and Puma in FOXO3(A3):ER-infected BMMCs but not in control cells ( Figure 6C ). This indicates that FOXO3a is involved not only in regulating the transcription of Bim, as previously described, 26 but also identifies Puma as a FOXO3a downstream target in mast cells.
Since cytokine-deprived MLMCs and CTLMCs lacking FOXO3a exhibited increased viability compared with wt cells (Figure 6A,B) , although not as prominent as mast cells lacking Puma or Bim, we next determined whether FOXO3a Ϫ/Ϫ mast cells were still able to up-regulate Puma and Bim in response to cytokine deprivation. Probing Western blots of protein lysates from FOXO3a Ϫ/Ϫ MLMCs and CTLMCs deprived of cytokines for 10 hours with antibodies against Puma and Bim indicated that Puma and Bim were still up-regulated ( Figure 6D) , and densitometric measurements showed an induction of 11.4 plus or minus 3.4 for Puma and 18.7 plus or minus 3.3 for Bim protein levels in MLMCs, whereas a more modest induction in CTLMCs with 1.25 plus or 
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For personal use only. on May 12, 2017 . by guest www.bloodjournal.org From minus 0.15 for Puma and 1.47 plus or minus 0.23 for Bim protein levels were observed. This indicates that transcription factors apart from FOXO3a might also be involved in the regulation of Puma and Bim following cytokine deprivation.
Mast cells do not up-regulate Puma in response to Fc⑀RI crosslinking
We have previously shown that the expression of both proapoptotic Bim as well as antiapoptotic Bcl-x L and A1 are increased upon Fc⑀RI crosslinking, 21, 27 and it has been postulated that cell fate is determined by the balance between these proteins. 45 We therefore investigated whether Puma could also be regulated by Fc⑀RI crosslinking. Western blot analysis of protein lysates from wt MLMCs and CTLMCs activated through Fc⑀RI crosslinking for 10 hours did not reveal any up-regulation of Puma in response to Fc⑀RI crosslinking in wt mast cells ( Figure 7A ). This, together with the observation that Puma deficiency did not further increase the survival of mast cells mediated by Fc⑀RI crosslinking (Figure 7B ), suggests that Puma does not play a critical role in this antiapoptotic pathway.
Discussion
The proapoptotic and antiapoptotic members of the Bcl-2 protein family are critical regulators of cell survival, and the balance between the 2 subgroups determines whether a cell will survive or die. 18 It has been shown that individual BH3-only proteins differ in their ability to bind to the antiapoptotic Bcl-2 family members and that this specificity governs the function of these molecules. 19 We have previously demonstrated that Bim-deficient mast cells are partially resistant to cytokine deprivation-induced apoptosis and mast cells that express a Bcl-2 transgene are almost completely resistant. 27 These findings indicated an important role for Bim in regulating mast-cell apoptosis but also suggested that other proapoptotic BH3-only proteins besides Bim might be involved in this process.
In the present study we demonstrate that the BH3-only protein Puma plays an essential role in cytokine deprivation-induced apoptosis of mast cells. Puma previously has been shown to play a critical role in cytokine deprivation-induced apoptosis of lymphoid cells and normal as well as transformed myeloid progenitors. 31, 34, 46 As our results demonstrate, MLMCs and CTLMCs lacking the BH3-only protein Puma are highly resistant to apoptosis caused by cytokine deprivation, protecting cells almost as potently as overexpression of antiapoptotic Bcl-2. Mast cells lacking only one allele of Puma also showed significantly increased viability compared with wt cells; the degree of protection being similar to that obtained with complete loss of Bim. Bim and Puma cooperate in mediating apoptosis in response to both p53-dependent and -independent apoptotic stimuli in lymphocytes, 37 and our data also suggest an overlapping function of Bim and Puma in regulating mast-cell survival following cytokine deprivation. Most likely Puma and Bim cooperate so potently in apoptosis signaling because they are the only BH3-only proteins that bind with high affinity to all prosurvival Bcl-2 family members. 19 When MLMCs were tested for their ability to proliferate upon re-addition of cytokines, Puma-deficient mast cells exhibited an ability to proliferate compared with wt mast cells that were already committed to apoptosis. Only MLMCs were tested for their ability to proliferate upon re-addition since CTLMCs are mostly postmitotic. 40 Puma protein levels were increased in both MLMCs and CTLMCs in response to cytokine deprivation. Taken together, these results identify Puma as the most important BH3-only protein involved in cytokine deprivationinduced apoptosis of MLMCs and CTLMCs.
In contrast to Puma, we found no requirement for the BH3-only proteins Noxa, Bad, Bid, or Bmf following cytokine deprivation in CTLMCs. The same was observed in MLMCs, with the minor exception that loss of Bad offered a small yet significant degree of protection. Interestingly, we recently observed a minor role for Bad in imatinib (Gleevec)-induced killing of Bcr-Abl-transformed hemopoietic progenitors, 47 a pathway to cell death thought to be similar to growth factor withdrawal-induced apoptosis. Bad has been implicated as a key mediator of cytokine deprivation-induced apoptosis. 48, 49 However, there have been reports showing that cytokine deprivation does not correlate with the phosphorylation status of Bad 50 and that Bad is not required for cytokine deprivation-induced killing of interleukin 3 (IL-3)-dependent immortalized myeloid progenitor cell lines. 46 In accordance, we found that the protection afforded by loss of Bad was not comparable to the one seen for MLMCs lacking either Puma or Bim. The minor importance of Bad is consistent with the observation that it binds only to antiapoptotic Bcl-2, Bcl-xL, and Bcl-w but not to Mcl-1 or A1, whereas Bim and Puma, which play more prominent roles, bind with high affinity to all of these proteins. 19 Puma was first identified as a BH3-only protein that is transcriptionally up-regulated by p53 and activated in response to p53-dependent apoptotic stimuli. 28, 29 Puma, however, also is up-regulated in response to certain p53-independent stimuli and required for their ability to kill lymphoid cells. 30, 32 Cytokine deprivation in mast cells was found to be a p53-independent stimulus, since cells lacking p53 died in response to cytokine deprivation with similar kinetics as wt mast cells. This finding is supported by a report stating that IL-3-dependent bone marrowderived mast cells (BMMCs) lacking p53 undergo apoptosis normally upon cytokine deprivation. 51 The normal up-regulation of Puma in cytokine-deprived p53-deficient MLMCs and CTLMCs indicates that another transcription factor is critical for this process. In lymphoid cells and mouse embryonic fibroblasts it recently has been shown that the transcription factor FOXO3a induces Puma expression in response to growth factor deprivation. 33 Here we report the involvement of FOXO3a in the regulation of cytokine deprivation-induced apoptosis and the expression of Puma. FOXO3a Ϫ/Ϫ mast cells showed increased survival compared with wt mast cells following cytokine deprivation and BMMCs transfected with an inducible FOXO3a protein identifies Puma as a FOXO3a downstream target in mast cells. However, we believe that additional factors must be involved in cytokine deprivationinduced Puma up-regulation and apoptosis of mast cells given that loss of FOXO3a did not confer as much protection from apoptosis as loss of Puma or Bim. Moreover, although Puma and Bim are FOXO3a targets in mast cells, their protein levels were increased in FOXO3a Ϫ/Ϫ mast cells upon cytokine deprivation, comparable to that seen in wt cells. Members of the Forkhead transcription factor family play important roles in biological processes, such as control of the cell cycle, apoptosis, and response to stress. 52, 53 Although the FOXO members have diverse functions, 54 they also appear to have some downstream transcriptional targets in common. 55, 56 Previously, we have shown that FOXO1a and FOXO3a are both phosphorylated in mast cells upon treatment with SCF, thereby down-regulating the extent of Bim. 26 We therefore hypothesize that there is redundancy between FOXO3a and other FOXO members 57 in Bim and Puma up-regulation during mast-cell apoptosis. It is also possible, however, that other (unrelated) transcription factors play a role in this process.
Protection from apoptosis through loss of Puma was not restricted to cytokine deprivation, but was seen also when Pumadeficient MLMCs and CTLMCs were treated with etoposide. In addition, p53-deficient MLMCs and CTLMCs exhibited increased viability and no up-regulation of Puma protein levels compared with corresponding wt mast-cell populations upon etoposide treatment. This identifies etoposide-induced apoptosis in mast cells as a process that is dependent on p53-mediated induction of Puma.
Puma is also essential for p53-mediated apoptosis in several other cell types, including lymphoid as well as myeloid cells and fibroblasts, 31, 32, 34 but other BH3-only proteins, such as Noxa 31, 58 and Bim 22,59 also have been implicated. We found no requirement for the BH3-only proteins Noxa, Bad, or Bid for etoposide-induced apoptosis in MLMCs. The same was observed in CTLMCs, apart from the finding that loss of Bad offered a small yet significant protection. How Bad is activated in response to etoposide treatment in mast cells is presently unclear, but so far no p53 binding sites have been detected within the Bad gene. In contrast to 2 previous reports, 60, 61 we found that both thymocytes and mouse embryonic fibroblasts lacking Bid are normally sensitive to p53-dependent stimuli 38 and in agreement with this, we detected no requirement for Bid in etoposide-treated mast cells. It has been demonstrated that etoposide induces apoptosis in mast cells at a concentration of 10 g/mL and that loss of either Apaf-1 or caspase-9 protects mast cells against this death stimulus. 62 There is considerable heterogeneity among tissue mast cells when comparing their phenotype, function, and survival. 6, 63 Their functions are often associated with the crosslinking of their high-affinity IgE receptor (Fc⑀RI), the subsequent release of prestored inflammatory mediators and de novo synthesis of cytokines. 64, 65 We and others have previously demonstrated that mast-cell viability increases upon Fc⑀RI crosslinking, 21, 66, 67 and this was associated with the increased levels of both antiapoptotic A1/Bfl-1 and Bcl-xL, although, curiously, proapoptotic Bim also was induced. 21, 27, 68 The up-regulation of Bim might play a critical role in this setting, since it can bind with high affinity to all antiapoptotic Bcl-2 family members, including A1, which has an essential antiapoptotic function in mast cells. 21 A recent report described that the interaction between A1 and Bim stabilizes the A1 protein, thereby strongly reducing A1 turnover and perhaps amplifying its antiapoptotic effect. 69 However, knowledge of the binding of A1 to proapoptotic Bcl-2 family members in mast cells is limited, and Bim is not the only BH3-only protein that can bind to A1; for example Puma also can do this. 19, 70 Therefore we investigated whether the levels of Puma were altered in response to Fc⑀RI stimulation, but our results indicated that Puma protein levels remain unchanged following Fc⑀RI crosslinking in MLMCs or CTLMCs. Since we have shown previously that Fc⑀RI crosslinking prolongs the survival of cytokine-deprived CTLMCs, 40 we also examined the survival induced by Fc⑀RI crosslinking in CTLMCs lacking Puma. We found that the lack of Puma did not affect the prolonged survival of cytokine-deprived CTLMCs upon Fc⑀RI crosslinking. These results indicate that regulation of Puma does not play an important role in the survival effect seen after Fc⑀RI crosslinking.
Mast cells are distributed throughout the tissues, and their differentiation, proliferation, and survival are highly regulated. 7, 8 To investigate whether Puma deficiency compromises the normal development and regulation of mast-cell numbers in vivo, we compared tissue sections of wt and Puma-deficient mice determining the mast-cell numbers. However, we found no indication that loss of Puma alone promoted abnormal accumulation of mast cells in tissues (unpublished results, M.E., May 2006). During nematode infections in the gut, mast cells differentiate, become activated, and hyperplasia occurs before their numbers decline as the infection resolves. 15, 71, 72 This resolution of the hyperplasia involves both apoptosis and recirculation back to the spleen for elimination, 73 and in this setting, Puma deficiency might lead to an increased accumulation of mast cells and a delay in clearance.
In conclusion, our results demonstrate an important role for Puma in p53-dependent as well as p53-independent mast-cell For personal use only. on May 12, 2017 . by guest www.bloodjournal.org From apoptosis where removal of only one allele of this BH3-only gene protects mast cells from apoptosis more sufficiently than complete removal of any of the other BH3-only proteins investigated.
